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FERROELECTRIC POLARIZATION MECHANISMS

IN NYLON 11

Brian A. Newman, Jar Wha Lee and Jerry 1. Scheinbeim

Dept. of Mechanics and Materials Scienc=
College of Engineering, Rutgers University
P.O. Box 909
Piscataway, NJ 08855-0909, USA

Abstract

The combined results of piezoelectric coefficient (d;;, €;,) measurements, FTIR
spectroscopy and x-ray diffraction studies of three dimensionally oriented Nylon 11 films
reveal that the polarization occurs in the crystalline regions. In addition, the orientation of
dipoles in a poled Nylon 11 film is not altered by a high temperature annealing treatment
(185°C). This unique high temperature stability of dipole orientation in the crystalline
regions provides a method to investigate the polarization mechanism for poled Nylon 11
films. Our results indicate that the difference in observed x-ray diffraction patterns from
unpoled and poled films results from an initial 90° field induced dipole reorientation
mechanism. Further dipole reorientation appears to result from a 180° switching
mechanism.




tr ion

A ferroelectric material is a material with a spontaneous polarization, which can be
changed in direction by the application of an electric field (1). Until recently,
poly(vinylidene fluoride) (PVF;) and its copolymers were the only polymers shown
conclusively to be ferroelectric. The bulk polarization of poled phase I PVF, films is now
known to arise from dipole orientation in the crystalline regions towards the direction of the
applied poling field (1-3). Following wide angle x-ray diffraction studies and infrared
absorbance measurements, two different dipole reorientation models based on 60° and 180°
rotations about the chain axis were proposed (4-7). Hysteresis loops between the electric
displacement D and the applied electric field E have been observed for phase I PVF, using
conventional ac techniques (8,9), and the switching times for polarization reversal have also
been measured (10).

A number of studies of piezoelectricity in the odd-numbered nylons has culminated
recently in the demonstration of clear hysteresis loops of electric displacement D and
applied electric field E, typical of ferroelectric materials, for Nylon 11 and Nylon 7 films
prepared by quenching from the melt, followed by cold drawing (11-13). This new class of
ferroelectric polymer, the odd-numbered nylons, have a crystal structure based on the
packing of hydrogen-bonded sheets (14, 15). From previous studies (12, 16), and the lack
of observed ferroelectricity in the even-numbered nylons, it is apparent that the ferroelectric
response originates in the crystalline regions. Both the hydrocarbon sections, as well as the
amide groups play an important role in the ferroelectric behavior of these semicrystalline

nylons.




The purpose of the present study is to present an analysis of the initial and
subsequent polarization mechanisms of Nylon 11 films, based on measurements of the
piezoelectric coefficients, FTIR absorbance studies, and wide angle x-ray diffraction
measurements,

Experimental

As-stretched Nylon 11 films were produced by quenching the molten film (210°C) into
an ice bath, cold drawing to a draw ratio of 3:1 at room temperature, and evaporating
aluminum on opposing sides of the film as electrodes. As-poled Nylon 11 films were
prepared using the same method as above, except that the films were polarized using a
triangular electric pulse with a period of 640 sec and a maximum amplitude of 150 MV/m.
As-annealed and poled-annealed samples were made by annealing the as-stretched and as-
poled samples at 185°C under vacuum at a fixed length for two hours, respectively.

Piezoelectric coefficients for the as-poled and poled-annealed samples were measured
at 3 Hz at room temperature using a Rheolograph Solid®, (Toyo Seiki, Japan).

Infrared spectra were obtained using a Perkin-Elmer Fourier Transform Infrared
spectrometer (model 1720-X). The film samples used in this study were sufficiently thin to
be within the absorbance range where the Beer-Lambert law is obeyed. Using a polarized
infrared light source, the absorbed intensity of C=0 stretching and N-H stretching modes
were examined to determine changes in dipole orientation after poling and annealing.

X-ray diffraction photographs were taken using Nickel-filtered Cu Ke radiation. Flat-
plate camera photographs were used to record the wide angle x-ray diffraction patterns. In

the flat-plate camera study, transmission mode (incident x-ray beam perpendicular to the




plane of the film), edge-on mode (incident x-ray beam parallel to the plane of the film and
perpendicular to the draw direction) and end-mode (incident x-ray beam along the draw
direction) diffraction patterns were obtained.

Its and Di ion

The electric displacement D and applied field E hysteresis studies carried out
previously clearly indicate that Nylon 11 films, prepared by quenching and cold-drawing,
behave as a ferroelectric material (11,12). Further, previous studies also showed that
annealing prior to poling significantly decreased the spacing between hydrogen bonded
sheets and also that this annealed structure showed a reduced reorientation of dipoles with
applied field. It was found that the coercive field increased from 62 MV/m to 115 MV/m
and the remanent polarization decreased from 51 mC/m? to 17.3 mC/m? for films with
increasing annealing temperature histories (25°C to 145°C). Films annealed at the melting
temperature 185°C (before poling) did not show any hysteresis behavior at all, presumably
because the coercive field values required exceeded the dielectric strength of the material
(17).

These results clearly suggest that dipole reorientation in Nylon 11 films is inhibited
by annealing. If this is true, then it suggests that the effect of increased temperatures (below
the melting point) on Nylon 11 films which have been already poled to give a resultant
dipole orientation, might not be the randomization of dipoles and subsequent depolarization,
observed in PVF,. In Table I the piezoelectric strain coefficients, d,;, and stress coefficients,
€11, measured at 3Hz at room temperature, are compared for as-poled and poled annealed

films. The effect of annealing the poled films at 185°C under vacuum for two hours was to




increase the measured values of d,; and e;; at room temperature slightly. This clearly
supports the suggestion that the effect of annealing poled Nylon 11 films is not to randomize
the dipoles. The implication of these results for the thermal stability of remanent
polarization in poled odd-numbered nylons is clear and is the subject of a separate
publication (13).

In Figure i the results of the FTIR measurements for the as-stretched, as-poled and
poled annealed films are presented. Large differences in the absorbed intensities of the
C=0 stretching modes at 1650 and the N-H stretching modes at 3300 between the as-
stretched and the as-poled films strongly suggest that the hydrogen bonds break and the
dipoles are rotated towards the field direction to reform bonds in a new direction, which
remains when the applied field is removed. More importantly, comparing the absorbance
spectrum obtained from the as-poled films with the spectrum obtained from the poled-
annealed films, and in particular the absorbance intensities of the C=0 stretching modes and
also the N-H stretching modes, very little difference is observed. This confirms the
suggestion that annealing in vacuum at 185°C for two hours (under tension) does not cause
any significant change in dipole orientation. Infrared band assignments were made on the
basis of previous studies (18).

Since the nylon films, as prepared, possess a three-dimensional texture (19), with the
molecular chains oriented in the draw direction, and the hydrogen-bonded sheets in the
plane of the film, it would be expected that the reorientation of dipoles caused by the
application of high electric fields would lead to clear and unambiguous changes in the x-ray

diffraction patterns confirming this. Although differences in the x-ray diffraction patterns




obtained from as-stretched films and as-poled films were observed, the crystallites resulting
from the preparation treatment were not sufficiently large and well-formed to give a
diffraction pattern suitable to make an unambiguous confirmation.

However, the x-ray patterns obtained from films which had been subsequently
annealed to increase crystallite perfection were, as expected, much improved. The combined
results of the studies of the effect of annealing on FTIR absorbance and piezoelectric
properties show that it is possible to investigate polarization mechanisms using wide angle
x-ray diffraction studies of as-annealed and poled annealed films, since the hydrogen bonds
do not break and the orientation of hydrogen-bonded sheets does not change during the
high temperature annealing treatment.

Figures 2, 3a, 3b and Figures 4a and 4b show flat film photographs together with a
schematic representation of the wide angle x-ray diffraction patterns of as-annealed and
poled annealed Nylon 11 films. Most of the reflections observed could be indexed using the
unit cell proposed by Hasegawa (20). On Figures 3a and 4b we notice streaks of diffracted
intensity between certain important reflections which suggest either a large degree of
structural disorder or a small crystal size in certain directions. It is well known that this
phenomenon can give a number of anomalous reflections at incorrect d-spacing values and
some reflections of this type can be observed on some of the photographs. They can be
distinguished from normal reflections by their appearance, which is much more diffuse, as
well as being of weak intensity. These reflections are not included on the schematic
representations, and will be the subject of a separate publication. It should be further noted

that the fact of a three-dimensional crystal texture does not entail an unique single crystal




orientation with respect to the film axes. In fact, the unit cell proposed by Hasegawa is
triclinic and four different orientations of this cell with respect to film axes are consistent
with the texture proposed by Northolt. This further complicates the interpretation of the
diffraction photographs, and a complete discussion of these issues will also be deferred to
a later publication. Here we present those results relevant to the issues of the polarization
mechanisms important to the ferroelectric behavior of Nylon 11 films.

Figure 2 shows the flat film photograph and the corresponding schematic
representation for the as-annealed samples, when the incident x-ray beam is along the
direction of draw (end-mode orientation). The meridional direction (vertical) on this
photograph corresponds to the plane of the film. If the only orientation present in these
films was uniaxial along the draw direction then the diffraction pattern anticipated for the
geometry of this orientation would be a series of concentric rings. Figure 2 shows clearly
that additional orientation is present, since all reflections are rather small arcs of circles with
an angular spread of ~ + 20°. The very strong equatorial reflection with d,, = 3.89A,
indexed as (020), corresponding to the spacing between hydrogen-bonded sheets, confirms
that the hydrogen-bonded sheets are parallel to the plane of the film.

The pattern is approximately hexagonal. The (200) and (220) reflections occurring
on the first layer line in the 60° positions are consistent with the two different crystal
orientations with a-axis in the plane of the film and perpendicular to the c-axis (the draw
direction), as is also the position of the reflection on the first observed layer line, (~ 30°
from the equator) and the meridional reflection, which are consistent with an assignment

of (220) and (420). Table 2 shows a list of index assignments and measured values of the




d-spacings for the reflections observed. So, to summarize, Figure 2 clearly confirms that
after annealing the Nylon 11 films are well crystallized, with crystal orientations consistent
with the c-axis in the draw direction and hydrogen bonded sheets in the plane of the film.

Figure 3a shows the x-ray flat film photograph obtained and a schematic
representation when the incident beam is perpendicular to the draw direction and in the
plane of thé film, (edge-on mode). Assuming the previous orientation assignment correct,
the incident x-ray beam is parallel to the a-axis for Figure 3a. In the figure, the draw
direction is vertical, while the normal to the plane of the sample is horizontal. Thus, the
(020) reflection, corresponding to the spacing between hydrogen-bonded sheets, should be
and is observed on the equatorial line. The second equatorial reflection can be indexed as
(220). The meridional reflections, and reflections symmetrically disposed to either side of
the meridian can be indexed (001), (002), (003), (126) and (106). The complete indexing
is summarized in Table 3 and is also consistent with the previous three-dimensional
orientation proposed, two different crystal orientations being possible with the reciprocal
lattice vector C* symmetrically disposed to either side of the meridian.

Figure 3b shows the x-ray plot film photograph obtained and a schematic
representation when the incident beam is perpendicular to the draw direction and
perpendicular to the plane of the film (transition mode). The sample draw direction is
again vertical, but the equatorial line is perpendicular both to the draw direction and the
normal to the plane of the sample. Assuming the previously determined orientation, the
equatorial line is parallel to the a-axis. The equatorial reflections observed are (200) and

(420). The other reflections observed are (20¢), with the exception of several meridional




reflections different in appearance from all others. The coimnplete indexing is shown in
Table 4 and is consistent with the crystal orientations already discussed. However, the
subject of the special meridional reflections best seen in Fig. 3 will be discussed in a later
publication.

Figure 4a shows the flat film photograph and the corresponding schematic
representation for the poled-annealed samples, when the incident x-ray beam is
perpendicular to the draw direction, and in the plane of tl.- film (edge-on mode), that is,
the geometrical arrangement is similar to that 'sed to obtain Figure 3a. The draw direction
is vertical, while the normal to the plane of the sample is horizontal. Figure 4b shows the
flat film photograph and the corresponding schematic representation for the poled-annealed
samples, when the incident x-ray beam is perpendicular to the plane of the sample. The
draw direction is vertical and the equatorial line is perpendicular both to the draw direction
and to the normal to the plane of the sample, that is, the geometrical arrangement is similar
to that used to obtain Figure 3b.

The most striking feature of Figures 4a and 4b is that, although the geometry used
to obtain these photographs compares with that used to obtain Figure 3a and 3b for the
unpoled samples, Figure 4a shows a similar diffraction pattern to Figure 3b, and Figure 4b
shows a similar diffraction pattern to Figure 3a. Since the different diffraction patterns of
Figure 3a and Figure 3b are obtained from geometrical arrangements which differ only bv
a rotation of 90° about the draw direction (c-axis), this fact is strong evidence for the claim
that following poling and then annealing, the samples still show a three dimensional texture,

but now rotated by 90° about the c-axis with respect to the initial orientation. Thus,




following the poling procedure and annealing treatment, the hydrogen-bonded sheets are
perpendicular to the plane of the poled films, having rotated 90° from their initial
orientation in the plane of the films. This is easily understood when it is realized that the
strong dipoles associated with the hydrogen bonds are, of course, in the plane of the
hydrogen bonded sheets. Clearly, under the high electric fields used for poling, these
dipoles rotated in the direction of the field, the state of lowest energy and after removal of
the field this crystal orientation remained. This orientation continued to remain even during
the annealing treatment, as evidence< “y the FTIR data and the piezoelectric activity of the
film measured after poling.

The observed hysteresis behavior during field reversal strongly suggests 180° switching
of dipoles, and it is clear from Figure S that this can be accomplished without dramatic
changes in crystal structure. It is evident, however, that the initial dipole reorientation must
be a 90° switch, since it is known that the initial dipole orientation is in the plane of the
film.

Conclusions

As a result of a study of crystal orientation in both poled and unpoled Nylon 11 films,
which had been initially prepared by quenching from the melt and drawing, and finally
annealing using both x-ray diffraction methods and FTIR, we conclude:

(1)  The orientation of NH and C=0 dipoles does not significantly change after
annealing treatments, even ann:aling at temperatures close to the melting point.

(2) A dipole switching of 90° occurs with the initial application of electric field,

to switch dipoles in the plane of the film into the field direction.




(3)  Subsequent dipole switching of 180° occurs with electric field reversals.

(4) The piezoelectric coefficients are not decreased by annealing treatments, even
at temperatures close to the melting points.
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Figure 1 Infrared spectra of as-stretched, as-poled, and poled-annealed
Nylon 11 films.

Figure 2 Flat plate photograph, end mode, of 3-dimensionally oriented
Nylon 11 film.

Figure 3a  Flat plate photograph, transmission mode, of 3-dimensionally oriented
Nylon 11 film.

Figure 3b  Flat plate photograph, edge-on, mode of 3-dimensionally oriented
Nylon 11 film.

Figure 4a  Flat plate photograph, transmission mode, of poled-annealed Nylon 11 film.
Figure 4b  Flat plate photograph, edge-on mode, of poled-annealed Nylon 11 film.

Figure 5 180° dipole switching (antiparallel packing) of chains in the hydrogen-
bonded sheet structure.
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Table Captions

Table 1 Piezoelectric coefficients of as-poled and poled-annealed Nylon 11 film.
Table 2 Diffraction data of end-mode flat plate photograph.

Table 3 Diffraction data of edge-on mode flat plate photograph.

Table 4 Diffraction data of transmission mode flat plate photograph.
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(pC/N) (mC/m?)

as-poled 2.2 6.0
poled-annealed 2.3 7.5




label intensity dy, (A) index
A Vs 3.89 (020)
B Vs 4.27 (200)
C m 3.87 (220)
D vw 2.39 (220)
E vw 2.32 (420)




label intensity e, (A) index
A Vs 3.89 (020)
B m 2.39 (220)
C vs 12.80 (001)
D m 6.35 (002)
E m 4.29 (003)
F m 2.36 (126)
G m 2.21 (106)




label intensity dys. (A) index
A vs 4.27 (200)
B m 2.39 (420)
C S 4.35 (201)
D m 3.95 (202)
E w 3.45 (203)
F w 2.36 (126)
G m 2.21 (106)
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